ABSTRACT Social media has drawn scientists' attention due to their potential values for health and marketing, among other activities. To effectively exploit such huge online resources by using incomplete user profiles, which are very common on social media sites and can be caused by user privacy settings, it is meaningful to explore user profile identification methods. In this paper, we focus on gender identification using reposting behaviors on social networks. Whereas most existing works rely on pure statistical methods, we propose a scheme that is underpinned by homophily and four intuitive methods based on it by combining knowledge of statistics and sociology. For our data set, which was obtained from Sina Weibo and contained 1039 test samples and 528k user profiles, our methods perform with 86.7% accuracy. We explore the sensitivity of our methods on the scale of the data set and find surprisingly competitive results surpassing the binary classification baseline. Finally, we further suggest possible extensions to our methods.
I. INTRODUCTION
Social media sites such as Facebook, Twitter and Sina Weibo have become very popular tools for people to communicate and share their life instantly with short text messages, photos and music. Sina Weibo, a very popular social media site in China, had 313 million Monthly Active Users and 139 million Daily Active Users in December 2016. 1 This huge number of user profiles and the friend networks built among them have great potentials for commercial companies to provide a myriad of value-added services, such as product promotion and legal investigation. However, incomplete user profiles are common due to user privacy settings, which cause barriers for advertising and the collection of online public opinions. Therefore, user profile identification is of significance for online marketing strategies and legal investigation. Gender identification is one such issue and can impacts many applications, such as user identification across social sites [1] . In this paper, we focus on the problem of gender identification.
Existing works in the machine learning field concentrate on text analysis solutions. By extracting features from friend networks, user profiles or post texts, researchers try to train models to make effective identification [2] - [4] . Many of these works use the same methodology: they consider each user to 1 Weibo Annual Report 2016. Available: http://ir.weibo.com/ be an independent sample from the population, and based on the enormous data sizes, the models are empirical outcomes of pure statistical analysis. Such methodology ignores the basic principle of social networks that similarity breeds connection. Guha and Wicker [5] noted that in social networks, the general population consists of an almost equal number of males and females, although most social networks that have been studied are not equally structured. This finding illustrates that relations on social media formed by online behaviors may be biased and, thus, predictive on gender. The concerns of individuals limited by connections among users may hinder the accuracy of the methods mentioned above. In this paper, we seek a solution for this problem and attempt to answer the following questions.
1) Does homophily exist in reposting behaviors? To support our identification methods theoretically, we first prove homophily in reposting behaviors in social networks. Using Sina Weibo as an example, we construct graph models based on reposting behaviors and apply the t-test to prove our assumptions. The result shows that at 5% significance level, t-test rejects the null hypothesis and supports the conclusion that homophily exists in reposting behavior. 2) How to effectively exploit the homophily reposting behavior? We present a scheme to sample the co-reposting behaviors of users and then propose four different gender identification methods. We randomly chose 1,039 users from Sina Weibo and collected 20 recent microblogs from each. For each microblog, we crawled up to 30 users who reposted it, referred to as co-reposting users in this paper. All of the coreposting users and the target user form a co-reposting community, which we study for gender identification. We propose four different methods to identify users' genders. The results show that our methods achieve 86.7% accuracy. 3) How does the scale of data influence the identification results? We investigate how much information we need before we can make an accurate identification. By reducing the number of reposted microblogs and co-reposting, our methods are robust to small datasets and give surprisingly competitive performance on limited data. The rest of this paper is organized as follows. In Section II, we introduce related works and the original idea of our method. In Section III, we briefly introduce Sina Weibo, which is our experiment data source. We also explain data collection in this section. Then, we answer the above three questions in turn. In Section IV, we prove the exhibition of homophily and propose four gender identification methods. In Section V, we present the results of identification, and the comparison with some existing machine learning algorithms. To explore the applicability and limitations of our methods, we adjust the data scale to test the sensibility of our model and present identification results using different data sizes. We conclude our paper by discussing our contribution and anticipating future research.
II. RELATED WORKS A. GENDER IDENTIFICATION
Existing works on gender identification focus on selecting text-based features manually and applying machine learning algorithms on sample data collection to train classifiers.
There has been some research in gender identification on social networks. Burger et al. [2] collected 18.5 million users and 213 million posts from Twitter and extracted textual features such as users' description, screen name, full name and n-gram words in tweets; adopted Naïve Bayes, SVM and Winnow classifiers on features to train models. Their best accuracy reached 74.0% on single type features and 92% on the combination of four types of features with 54.9% as the baseline. Other similar works use function or content words based on largest information gain and word frequency [3] , Part-Of-Speech (POS) unigram [4] , and content word classes [6] , to discriminate genders in the use of stylistic features.
Some work also made attempts to determine the relationship of gender and age, both of which are very fundamental attributes in user profiles. Peersman et al. [7] considered both age (min 16 vs. plus 25) and gender (female vs. male) classification to be binary problems and combined them to create 4-way complex classes to balance the data set. Their age-gender-related experiment was 88.7% accurate in age prediction, which decreased slightly from the result based on 2-way classes (88.8%). Their work demonstrated no increase by including gender in age prediction, showing low relevance between them. Marquardt et al. [8] trained their SVM model with the same methodology using 10 age-gender labels with a classifier chain approach, in which the prediction of gender was used as a feature in age prediction. They reported 80.7% and 72.9% accuracy on their blog data.
There have been rising interest in structural information in inferring user genders in the recent years. One of the most successful attempts is from Liu and Ruths [28] . They used the ratio between number of followers and number of friends as a measure of a user's tendency towards producing vs. consuming information on the social network. They incorporated these features into their classifier, which took mainly text-based features as well. Their approach achieved 87.1% accuracy.
In summary, the existing works are devoted to refining feature selection methods to extract more informative stylistic and content features and apply statistical models to build their identification system. Limitations of the above methodologies include: 1) learning classifiers are sensitive to data scale, therefore inadequate data can easily lead to a reduced model generalization ability; 2) text-based features are mostly language-dependent, thus it would be not easy to devise a general approach to infer user genders from different language backgrounds; 3) treating each user as an individual ignores the social behaviors of users, which is potentially a great indicator of user gender awareness information; 4) among existing works mentioning network structure, most structures are constructed based on followerfollowee relationship and it would be interesting to explore whether there are other pathways towards mining structural information. Based on the above observations, we proposed four semi-supervised methods based on network structure induced by reposting relationships, which aims at providing a language-independent solution to the problem of gender identification.
B. HOMOPHILY IN ONLINE SOCIAL NETWORKS
One of the basic principles of social network structure is homophily -a connection between users who share the same qualities occurs at a higher probability than dissimilar users, as proposed by Lazarfeld and Merton [9] . Typically, people who connected in the social networks are not a random sample of the underlying population [5] . Instead, they are similar in gender [10] , [11] , ethnicity [12] , [13] , age [14] , [15] , religion [16] , education, occupation and social classes [14] , behavior [17] - [19] , attitudes, abilities, beliefs and aspirations [17] , [18] . These have all been well illustrated in [5] .
Since homophily can structure networks of nearly all types, including information diffusion [5] , people who receive information tend to share similar qualities. Therefore, it is feasible to predict based on reposting behaviors, which is a typical way of information diffusion, as a breakpoint for user attribute identification.
There are some works that try to determine the existence of homophily for user attributes in online social media. Fiore and Donath [20] reported that users' dating preferences show a tendency for homophily in marital status, religion, race and pet preference. Crandall et al. [21] analyzed co-editing behaviors on Wikipedia and found that interaction had both short-and long-term effects on making people more similar.
These works provide evidence of homophily in social media based on user attributes and user behaviors. To the best of our knowledge, there are few works proving homophily in reposting behaviors, which we discuss in this paper.
III. DATA COLLECTION A. INTRODUCTION TO SINA WEIBO
Sina Weibo is a popular Twitter-style social media in China. It allows users to share their status within 140 characters. Users can also attach web links, videos and music to the posts. By reposting others' microblogs, users can share the same content to their own timeline so that their followers can view it, which forms information diffusion chains.
Some facts reveal the role of reposting mechanism in information propagation on Weibo. Firstly, one characteristic of Weibo is that the reciprocal rate is low, especially for verified users (<0.007), which is lower than that of Twitter [22] . This shows that unidirectional propagation, rather bidirectional propagation, is the major way of information diffusion on Weibo. Moreover, Fu and Chau [23] noted that a minority of microblog users (4.8%) created the majority (more than 80%) of the original content. Most users repost others' microblogs more frequently, especially attracted by verified users [22] , rather than creating original ones. These facts shape Weibo as a site characterized more as an information dissemination tool with common users as the peripheral and verified users as the core group and the main information source. This is totally different from a friendship-based site such as Facebook. By analyzing the reposting chains, we found similarities among users who are concerned with the same topics. Therefore, focusing more on information diffusion, specifically on reposting behaviors, to analyze users on social networks is more appropriate on the Weibo. This also provides experience for research in other social networks.
B. DATA COLLECTING
Due to restrictions on the use of API, we constructed our own crawlers using Python and published on GitHub 2 for other researchers' convenience.
We manually selected some users as our seed users. All seed users are active users, defined as users who have posted or reposted more than 50 microblogs in total. We applied Breadth-First-Search to search users who had ever coreposted microblogs on two layers and acquired 38,182 users' IDs (called UID), with which we can query users' profiles 2 SinaCrawler. Available: https://github.com/dongxuDX/SinaCrawler by visiting their home pages, to build the user pool. We constructed a web crawler to collect data. It first selected target users from the user pool excluding inactive users randomly and fetched 20 of their recent repost IDs. Then, for each repost ID, it crawled up to 30 (25.4 on average) co-reposting users' homepages and used a parser to extract their gender. Eventually, we acquired 1039 target users (607 female and 432 male) as our test samples and 529k co-reposting user profiles in total as our model input, as shown in Table 1 . 
IV. REPOSTING COMMUNITY-BASED GENDER IDENTIFICATION MODEL A. PROBLEM DEFINITION
As mentioned in Section III, Weibo is more of an information propagation tool than a friendship-based social site, it is reasonable for researchers to pay more attention to reposting behavior, which provides a major diffusion approach and clues for our scheme.
Consider an active target user s t with some microblogs published. To determine the gender of s t , we first sample some reposts that he published, forming a set R = {r 1 , r 2 , . . . , r 1 }, where l denotes the number of reposts sampled. Next, we identify a sample of users who co-reposted each repost r i (0 < i < l) as S = {s i0 , s i1 , . . . , s in }, representing a community of users who reposted the microblog r i simultaneously, where n denotes the total number of coreposting users. In summary, to predict the gender of s t , we analyze l reposting communities of up to l * n coreposting users in total and exploit the implicit relevance in communities to make identification.
B. HOMOPHILY MEASUREMENT IN REPOSTING COMMUNITIES
To prove the relevance of gender among users within the community, we first explore the existence of underlying homophily. Easley and Kleinberg [24] developed the following numerical method to measure whether a network exhibits homophily. For a network where a fraction p of all nodes are characterized as male and q as female, an intuitive way to determine whether homophily exists is introduced.
Theorem 1 (Homophily Test):
If the fraction of crossgender edges is significantly less than 2pq, then there is evidence for homophily.
To determine the existence of homophily according to Theorem 1, we present the structure of our scheme in a graph, where two users are connected with an undirected edge if they have reposted the same microblogs. In fact, because every community is composed of only co-reposting users, they are all represented as complete graphs, as Fig. 1 shows. We realize that the same users may appear in different communities and additionally, users in different communities might build connections. However, we ignore the user duplication and cross-community connection issues because our methods will not be influenced by them; we care only about the inner structures of communities. Consider a community with co-reposting users C i = {s ij } (0 < i < l, 0 < j < n), which consists of f female coreposting users and m male users, including the target user; the cross-gender edges ratio r c can be defined as Eq. (1).
We eliminate the community whose capacity is below 5 to keep the data valid. We decided on l = 20 and n = 30 to balance model performance and data collection complexity. Finally, to understand whether homophily exists in the repost graph, we conduct t-test on the cross-edge ratios of 18,635 valid communities and test whether they are significantly lower than the standard cross-gender ratio, referred to as 2pq in Theorem 1.
In regard of the gender distribution in our dataset, where 62.7% users are female, according to Theorem 1, the standard cross-gender ratio is 0.468. We denote the hypothesis as H 0 :µ 0 = 0.468, H 1 :µ 0 = 0.468, where µ 0 is the mean value of cross-gender ratios of all the communities. We use Matlab build-in t-test package based on our data and at 5% significance level, get the testing results as Table 2 shows.
The results show that at the 5% significance level, t-test rejects the null hypothesis and gives a t-stat equal to −107.2266. Therefore, according to Theorem 1, we can say that the cross-gender ratios within the communities are significantly lower than the standard ratio. Homophily of gender exists within communities. Therefore, we can use the gender constitution of a community to identify a member's gender in it, including the target user. In order to better understand the dataset, we visualize the ratio of females in all the communities analyzed in Fig. 3 . If the target user of the community is a female, the community is represented by a (red) circle, while each (green) square represents a community whose target user is male.
From Fig. 3 , it is obvious that the gender of the target user is strongly relevant to the genders of users in the reposting communities, which is consistent with the existence of homophily in the reposting network.
C. HOMOPHILY-BASED GENDER IDENTIFICATION METHODS
The gender preference that exists in reposting communities can be used for identification. To illustrate how homophily can relate to gender identification, we propose four methods as follows.
1) INDIVIDUAL ARITHMETIC AVERAGE
The individual arithmetic average (IAA) method is quite intuitive and direct, focusing on the users in each community. Consider a target user s t , we simply sum up female users and male users in set C = {c i } (0 < i < l) as f and m.
where |c i | denotes the size of set c i . After that we make our hypothesis as,
that represents the estimated conditional possibility that s t is female. Then, compare it with a decision threshold ε, and identify the target user gender g(s t ) as
We use the female ratio in the whole dataset 62.7% as ε to clarify our methods. Performances on different choices of ε are discussed in Section V.
For example, in Fig. 2 , we have f = 70, m = 50 in total. Thus, h(S t ) = 7/12 ≈ 0.58 < 0.627. According to Eq.(6), the individual arithmetic determines the gender of s t as male. 
2) COMMUNITY ARITHMETIC AVERAGE
In the community arithmetic average (CAA) method, we treat all users co-reposting the same microblog as a whole. First, we compute the female ratio ratio i of community c i .
where f i represents the number of female users in c i , m i represents the number of male users. In addition, decide the gender of s t on the arithmetic average female ratio of all communities, denoted as h(s t ).
In Fig. 2 , we have h(s t ) = (1/2 + 2/3 + 5/6 + 1/3)/4 = 0.583 < 0.627. Based on Eq.(6), the CAA determines the gender of s t as male.
3) WEIGHTED AVERAGE
In weighted average (WA), we give weights to different communities. As communities are built by collecting a set of co-reposting users of the same microblog, we check the original publisher of each microblog r i and count the number of times that they appear. Then, we set the weight to c i , with the frequency of the original publisher of r i .
For each target user, we construct two vectors A and w. The elements of A are the female ratios a i of the 
or in matrix form.
In 
4) MAJORITY VOTING
Majority voting (MV) method is similar to elections. We compute the identification results of all communities and apply the majority voting principle to decide the final outcome.
First, we compute the female ratio ratio i in each community c i and provide an identification result in each c i according to Eq.(6). Then, we select N (an odd number) most indicative communities, which are communities owning the N largest deviation value dev(c i ), defined as
Intuitively, a larger dev(c i ) shows more biased gender constitution of the community. Then, we sum the communities indicating 'female' and 'male' among N of them and compute the identification result using the majority voting principle.
In Fig. 2 in Fig. 3 . The results shows that the method is able to identify accurately N 5. We finally decide on 9 as the most effective threshold for our dataset. We summarize the four methods as pseudo code in Table 3 .
V. RESULTS AND DISCUSSION
We present the experimental results for different decision thresholds and show the best performance of each of our methods. Comparisons between our methods and some existing methods can also be found in this section.
A. FOUR PROPOSED METHODS' RESULTS
We list the best performances of four methods mentioned above together with their optimal decision thresholds in Table 4 . The results show that based on our co-reposting scheme, all four methods have an identification accuracy higher than 85%, which greatly surpasses the baseline in binary random classification (62.7%). We also repeat our experiments on different decision thresholds ε, illustrated in Fig. 5 , where we assign N = 9 in the majority voting method for a better effect. The curves show that 1) performance of all four methods peaks at approximately ε = 0.6, which is approximate to the female ratio in our dataset (62.7%), and they all surpass the baseline; 2) on small decision thresholds, the majority voting performs best among the methods; and 3) the community arithmetic average method has the best accuracy of all four methods, reaching 86.72% on ε = 0.602. 
B. COMPARISON WITH EXISTING METHODS
We compare our methods with existing machine learning methods applied to gender identification including ANN [25] , Naïve Bayes (NB) [2] , SMO [8] , Logistic Regression (LR) and C4.5. We use the female ratios of each community together with some explicit user profile attributes on Sina Weibo as features [26] shown in Table 5 . We adopted 10-fold cross validation on our 1,039 samples and show the identification results of the proposed and existing methods in Table 6 , where the best performers of proposed methods/existing supervised methods/text-based approaches are highlighted as bold underline, respectively. From the results, our four methods provide competitive accuracy reaching 86.5% for CAA and IAA methods, but the existing methods range from 85.4% (C4.5) to 88.4% (ANN), which all beat the baseline (62.7% for female). For other measurements, our methods are at least equally effective. The average recall value of proposed values reaches 91.5% which is higher than that of the existing methods (87.2%). To further explore whether there are significant differences among the results of 10 runs, we perform the Friedman tests on F1 values in each run. In all tests, we choose no significant difference in variables as null hypothesis and 0.05 as confidence level. The test result is shown in Table 7 . All F1 significances are larger than 0.05, which means we accept the null hypothesis. There is no such significant difference in 10 runs. Therefore, the mean of F1 values is reliable.
To understand whether the difference between the performance of our proposed methods and other approaches is significant, we conduct t-test between the F1 values produced by our methods and those by ANN (since ANN is consistently better than other supervised approaches). We present the result in Table 8 . The result shows that while IAA and CAA are better than ANN concerning the F1 value at the confidence level 5%, there is no significant difference between WA and ANN. However, MV seems to perform consistently worse than ANN.
We also compare the performance of our proposed methods with two text-based approaches. Ciot et al. [27] extracted both grammar and lexical features including k-top words, k-top bigrams and trigrams, k-top hashtags, k-top mentions, and then employed a SVM-based classifier to identify user's gender. Liu and Ruths [28] exploit the information hidden in user screen names to improve gender inference, which also uses features mentioned in previous method, but also features a system to directly label a user if the name is strongly associated to a specific gender.
From Table 6 , we find that the proposed methods perform better than Ciot's method, but are not better than Liu's approach except for the precision. As our methods are semisupervised, the comparison results only are indicative. The results show that merely network structure information can be nearly as rich as text-based features.
The results are interesting considering given only the reposting structural information, even simple semisupervised classification methods can be as competitive as supervised models. On one hand, this shows that the reposting relationship is useful for gender identification, which complies with the Friedman test. Besides, this also reveals the fact that features play a decisive role in classification performance.
All of our proposed methods require no additional features other than the users' gender, which is language-independent. Besides, compared with ANN and other supervised classifiers, our methods are bootstrapping and semi-supervised. Due to no training processes, our proposed methods have excellent generalization capacity. Additionally, by adjusting threshold ε, our methods can use different social media sites, and provide effective and operational methods for gender identification.
C. SENSITIVITY TO COMMUNITY NUMBER AND CAPACITY
We investigate how much information we need before we can make an effective identification in our scheme, i.e., how smaller scales of communities and community capacities affect our methods. VOLUME 6, 2018
1) SENSITIVITY TO COMMUNITY NUMBER
We choose l as each integer value between 2 and 20. For majority voting, we choose the best performance on different N , as presented in Fig. 6 . Except for the majority voting method, we can see that the accuracy of the other three methods converges quickly; the accuracy is over 80% using only 4 communities. Because there are fewer communities, the selection range of majority voting is limited. Therefore, it cannot select more-indicative communities and gives worse accuracy.
We also test our methods by randomly choosing 10 of the communities and apply the proposed methods to them. We repeat the experiments 10 times and compute the mean and variance of F1-measures of our four methods. For MV, WA, CAA, IAA methods, the mean F1-measures are 85.00%, 86.86%, 87.32%, 86.74%, and the variances are 0.251%, 0.199%, 0.292%, 0.359%. This indicates that our methods are stable on the dataset.
2) SENSITIVITY TO COMMUNITY CAPACITY
We also consider how a smaller number of co-reposting users in each community affect accuracy. Fig. 7 displays the accuracy of the proposed methods where the community capacity is one of {1, 2, 3, 4, 5, 10, 15, 20, 25, 30}. The co-reposting users are sampled randomly, and the results are averaged over ten trials on each value. Note that no community is eliminated when capacity is below 5.
The results show that the accuracy of the proposed methods peaks quickly and remains relatively stable with a small increase as the community capacity rises. Majority voting performs poorly with a capacity equal to 1 since in this situation, the deviation is non-indicative.
From the analysis of the number of communities and community capacity, we can see that our methods require little data. We assume that the possible reason for this lies in the way in which we construct the communities, which selects users who are similar to the target user and is thus more predictive than a random sample from the population. Based on this, we may conclude that the proposed methods can be applicable on networks where only a fraction of information is available.
VI. CONCLUSION AND FURTHER WORK
In this paper, we show that reposting behavior is a strong source of information for gender identification. We attempt to prove homophily in co-reposting communities and propose four intuitive and effective homophily-based methods for gender identification.
Our methods have several distinguishing characteristics. They 1) capture the homophily contained in online content diffusion routes. Compared with text-based approach, our methods are language-independent; 2) are semi-supervised methods and avoid extra feature extraction, thus providing an effective scheme of reposting model; and 3) are robust to small datasets and give competitive performance on limited data.
To predict the gender of a targeted user, the proposed approaches require the genders of people who share similar behaviors with the targeted user. In practice, these approaches can help to identify user information in a semi-supervised fashion given an incomplete data set. However, we are also aware that it can be the case where it is not easy to directly obtain these required information or the reposting relations are not attainable. In this case, the homophily information hidden in the reposting relationship may still be considered as a useful feature for other approaches.
Finally, the proposed methods have a great potential for extensions. For example, the connections in communities could be extended by adding other factors to reflect different impacts on identification results. Other classification techniques such as regression may generate creative methods for better results based on reposting behaviors. DONGXU LI is currently pursuing the bachelor's degree in computer science and technology with Northwestern Polytechnical University, China, and also pursuing the bachelor's degree (Hons.) in advanced computing with the Australian National University, Australia, as a Transfer Student. His research interests include machine learning, artificial intelligence, and natural language processing. VOLUME 6, 2018 
